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論 文 内 容 要 旨          
This thesis presents the molecular dynamics (MD) characterization of subnanometric tool-workpiece contact and subnanometric 
tool sharpness measurement based on the MD simulation of tool-workpiece contact. 
 
In Chapter 1, the background, the motivation and the aim of this research are described. Ultra-precision diamond cutting is widely 
employed for fabrication of high accuracy microstructures over diamond machinable materials, often soft metals such as copper, 
electroless nickel and aluminum. Miniaturization toward nanometric size has been the trend of technological development of a variety 
of industries such as mechanical, optical and electronic applications. The increasing demand for devices and systems with nanometric 
sizes and nanometric or subnanometric accuracies have pushed the machining accuracy of the ultra-precision diamond cutting to the 
subnanometric range. There are many parameters influencing the achievable machining accuracy of the ultra-precision diamond 
cutting, such as the tool-workpiece contact, the motion of the ultra-precision lathe, including the motions of the carried slide and the 
spindle, and the geometry of the diamond tool, including the cutting edge contour, the cutting edge sharpness and the tool faces. There 
are some researches focusing the evaluation of the motion error of the ultra-precision lathe and the measurement of the cutting edge 
contour and the tool faces roughness. Most of them achieved the high resolution measurements. However, none of researches focused 
on the investigations of subnanometric tool-workpiece contact and subnanometric tool sharpness measurement. The tool-workpiece 
contact directly determines the depth of cut accuracy in the ultra-precision precision diamond cutting. So it is necessary to control the 
tool-workpiece contact in the subnanometric range. When the contact depth of the tool-workpiece contact goes down to the 
nanometer-scale, a tool-workpiece interaction phenomenon takes place in a limited region of the workpiece surface. The conventional 
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continuum theory cannot provide a reasonable explanation in such a small scale. Simulations have provided significant insights into 
the deformation mechanisms of various materials in the subnanometric contact deformation. Compared with other simulation 
methods, MD simulation, which is a numerical simulation method to analyze the behavior of a slid model from an atomistic point of 
view, is employed to investigate the contact between a workpiece and a diamond tool in the subnanometric range. The tool cutting 
edge sharpness has the impacts not only on the subnanometric tool-workpiece contact but also on the surface finish of the machined 
structures. So it is necessary to evaluate the tool sharpness with a subnanometric resolution. The cutting edge of the diamond tool can 
be directly evaluated by using surface form measuring instruments, such as scanning electron microscopes (SEMs), optical sensors 
and atomics force microscopes (AFMs). However, these measurement instruments encounter several unsolved difficulties in the 
subnanometric measurement of the diamond tool cutting edge. AFM based indirect measurement methods has proposed to indirectly 
evaluate the diamond tool cutting sharpness by using an AFM tip to measure the profile of a tool mark, which is created by indenting 
the tool cutting edge into a workpiece surface. However, this method has two demerits of the elastic recovery and the influence of the 
AFM tip radius. Therefore, it is necessary to physically understand the elastic recovery and eliminate the influences of the AFM tip 
radius for the subnanometric sharpness measurement of an ultra-precision diamond tool. 
This thesis has two motivations, namely, (a) MD characterization of subnanometric tool-workpiece contact for identification of the 
elastic-plastic transition contact depth; (b) Subnanometric tool sharpness measurement using  AFM without the influence of the 
AFM tip radius based on the MD simulation of tool-workpiece contact. Efforts and achievements for these motivations are discussed 
carefully in the dissertation as below. 
 
In Chapter 2, the subnanometric tip-workpiece interactions when a diamond tip is contacted with a copper workpiece are 
investigated by the MD simulations. The tip-workpiece interaction force (ft-w-ztool) curves of the subnanometric tip-workpiece contact 
are evaluated. From the evaluated curves, a periodic error component with a period of 4.4 ps is observed in the first part of the ft-w-ztool 
curves, which generates large uncertainties in the simulation results. The investigation of the workpiece atom vibration is then 
conducted on a MD model without and with the diamond tip. It is verified that the vibration of the workpiece atoms with a dominant 
period of 4.4 ps, which is determined by the size of the MD model, even after the simulation system has been relaxed to its 
equilibrium state. It is verified that the error periodic component in the ft-w-ztool curves is caused by the workpiece atom vibrations. 
Taking into consideration that the contact depth of tool-workpiece is in the subnanometric range, even a small instability in the 
calculated ft-w, which is induced by the vibrations of the workpiece atoms, can generate large uncertainties in the simulation results. As 
the first approach for stabilization of the simulation model to reduce the atom vibrations, a low temperature of 0.1 K is set. Then based 
on the period of workpiece atom vibration, a multi-relaxation time method is proposed as the second approach for further stabilization 
of the MD model. In this method, the interaction force in the tip-workpiece contact stage can be accurately evaluated from the average 
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of the force data sets obtained in a group of tip-workpiece contacts with same parameters but relaxation time in relaxation operation. 
The feasibility of the proposed multi-relaxation tome method is demonstrated by stabilizing the ft-w-ztool curves. The uncertainty in the 
ft-w-ztool curves of tool-workpiece contact, in which the diamond tool as the indenter, is reduced from 17 nN to 2 nN. 
 
In Chapter 3, MD simulations are carried out for identification of the elastic-plastic contact depth of subnanometric tool-workpiece 
contact. A rough elastic-plastic transition contact depth, at which the plastic deformation in the workpiece is initiated, is firstly 
identified based on the contact force-tool displacement curves obtained from the MD simulations of the subnanometric 
tool-workpiece contact. Then the accurate estimation of the subnanometric elastic-plastic transition contact depth is improved by 
observing the occurrence of the defects induced on the workpiece surface after the removal of the diamond tool from the workpiece 
surface. As a result, for the diamond tool with the specified geometry, the transition contact depth is identified to be 0.34 nm. The 
subnanometric tool-workpiece interaction is then analyzed using the MD simulations under different temperatures, boundary 
conditions and model sizes. It is confirmed that the proposed multi-relaxation time method is effective to stabilize the workpiece 
model in MD simulation over a wide temperature range up to the room temperature under which a practical tool-workpiece contact 
are conducted. The boundary condition and model size of the MD models are then optimized without increasing much the size of the 
MD model and the computational time to make reliable and cost-effective simulation for evaluation of the elastic-plastic transition 
contact depth for the practical tool workpiece contact, in which a diamond tool with a practical edge sharpness of up to 30 nm. Finally, 
the elastic-plastic transition contact depth is evaluated to be 0.28 nm on an optimized MD model under a room temperature of 293 K. 
The computational time is reduced from 67 h (conventional model) to 12 h (optimized model). 
 
In Chapter 4, MD simulations of the plastic tool-workpiece contact, in which the contact depth is larger than the elastic-plastic 
transition contact depth of the tool-workpiece contact, are carried out. It is verified that when the contact depth of the tool-workpiece 
contact is larger than 16.0 nm, the elastic recovery of apex radius of the contact mark can keep constant of 0.13nm. Therefore, the 
profile of the original tool cutting edge can simply represent that of the contact mark, referred to as the reversed tool cutting edge. 
Based on the MD simulation of the plastic tool-workpiece contact, an edge reversal method is proposed for subnanometric tool 
sharpness measurement using AFM without the influences of the AFM tip radius. The measurement principle of the proposed edge 
reversal method is presented step by step. In the edge reversal method, the cutting edge of the diamond tool is firstly measured by a 
commercial AFM cantilever tip. The diamond tool cutting edge is then replicated on the surface of a soft metal material. Finally, the 
reversed tool cutting edge is measured by the same AFM cantilever tip. The obtained two AFM images of the actual diamond tool 
cutting edge and the reversed tool cutting edge are the convolutions of the profiles of the diamond tool cutting edge and the reversed 
tool cutting edge and the geometry of the AFM cantilever tip. The effect of the AFM tip geometry on the AFM images is then 
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separated by summing of two AFM measurement topographies, therefore the cutting edge sharpness of the diamond tool is evaluated 
without the influence of the AFM tip radius.  
 
In Chapter 5, the feasibility of the edge reversal method is experimentally verified according to the AFM images of the actual and 
the reversed tool cutting edge. A high precision tool edge replication system for high precision replication of tool cutting edge is 
developed. The high resolution tool edge replication system consists of an ultra-precision tool indentation unit and a cantilever 
deformation detection unit. The basic tests of the designed tool edge replication system are performed to confirm the resolution and 
the stability of the system for high precision tool edge replication. In the tool edge replication system, the contact force and the contact 
depth are calculated by taking the difference between the output of the inside capacitive sensor and the output of the outside capacitive 
sensor and multiplying the output of the outside capacitive sensor by the spring constant of the cantilever at the contact point. It is 
verified that the measurement resolutions of displacement and force of the designed tool edge replication system are 0.1 nm and 0.1 
N, respectively, when the spring constant of the cantilever of the tool edge replication system is 298 N/m. Then the experiments for 
verification of the feasibility of the proposed edge reversal method are carried out. According to the AFM images of the actual tool 
cutting edges and the reversed tool cutting edge, the cutting edge sharpness of diamond tools with nose radii of 2.0 mm, 1.5 mm, 1.0 
mm and 0.2mm are evaluated to be 43.27 nm, 42.73 nm, 36.93 nm and 45.67 nm by using the proposed edge reversed method. This 
demonstrates the effectiveness of the edge reversal method for subnanometric tool sharpness measurement without the influence of 
the AFM tip radius. The AFM cantilever tip radius is evaluated to be 19.29 nm with a standard deviation of 0.67 nm. It is verified that 
uncertainty in measurement of tool sharpness by the edge reversal method of 0.11 nm is much smaller than that by the traditional 
method of 5.77 nm. The effects of the contact depth, the workpiece material and the AFM cantilever on the proposed method are also 
investigated. It is verified that those factors did not significantly influence the feasibility of the proposed edge reversal method. 
 
In Chapter 6, conclusions and achievements of this thesis are discussed.  
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